Abstract. The aims of this study were 1) to determine whether dairy cows can be induced to ovulate by the treatment with gonadotropin releasing hormone (GnRH) followed by prostaglandin F2α (PGF2α) during the early postpartum period and 2) to describe their ovarian and hormonal responses according to ovarian status. Cows were divided in two groups and received 10 µg of buserelin followed by 500 µg of cloprostenol 7 days apart starting from 21 (GnRH21, n=7) or around 37 days postpartum (GnRH37, n=7). The groups were further classified according to presence (-CL) or absence (-NCL) of functional corpora lutea (CL) on the day of GnRH treatment (d 0): GnRH21-NCL (n=4), GnRH21-CL (n=3) and GnRH37-CL (n=7). Ovarian morphology was monitored and the concentrations of P4, E2, FSH and insulin-like growth factor 1 (IGF-1) were measured. All cows ovulated after administration of GnRH. The P4 levels of the GnRH21-NCL group from d 0 to d 5 were lower than those of the GnRH21-CL (P<0.05) and GnRH37-CL groups (P<0.01). In contrast, the E2 levels of the GnRH21-NCL group within d 2 to d 6 were higher (P<0.05) than those of the other groups. Compared with the GnRH37-CL group, the GnRH21-NCL group had more small follicles on d 2 (P<0.05), d 3 (P<0.01) and d 4 (P<0.01) and more large follicles on d 5 (P<0.05). The induced CL and new ovulatory follicles were larger in the GnRH21-NCL group compared with the GnRH21-CL (P<0.001 and P<0.01) and GnRH37-CL groups (P<0.001 and P<0.05). IGF-1 did not differ among the groups. The GnRH21-NCL group had higher FSH levels than the GnRH21-CL (P<0.01) and GnRH37-CL groups (P<0.001) on d 0. Low P4 and high FSH levels may suggest higher gonadotropin support on the enhanced ovarian morphology of the GnRH21-NCL group. PGF2α treatment induced CL regression and subsequent ovulation in 3/4 (75%), 3/3 (100%) and 7/7 (100%) cows in the GnRH21-NCL, GnRH21-CL and GnRH37-CL groups, respectively. In conclusion, a 7-day GnRH-PGF2α synchronization protocol can effectively induce dairy cows to ovulate as early as 21 days postpartum, regardless of ovarian status.
decline in the reproductive performance of dairy cows in Japan has been identified [1] . First ovulation within 3 weeks postpartum positively affects the fertility by increasing the number of exposures to progesterone (P4) before insemination [2] [3] [4] . However, our previous study revealed that as much as 47% of cows do not show early ovulation [4] . Since spontaneous ovulation within 3 wks postpartum enhances fertility outcome, induction of ovulation by hormonal treatments during the early postpartum period could be beneficial for an increase in reproductive performance at the farm level.
Release of a sufficient amount of luteinizing hormone (LH) from the pituitary in response to exogenous gonadotropin releasing hormone (GnRH) is restored 7-21 days postpartum [5] [6] [7] [8] . This surge in LH is followed by ovulation of large follicles in greater [7, 9, 10] or lesser [8, 11] proportions of cows. In our previous study, nearly half of all the cows ovulated spontaneously by 21 days postpartum [4] . This result indicates that half of those cows had already resumed cyclicity. Therefore, ovulatory response to GnRH may differ between cows that have or have not ovulated spontaneously by 21 days postpartum.
Treatment of cows with GnRH alone during the early postpartum period has been previously reported to increase the incidence of prebreeding anestrous [12] . This phenomenon was related to an increased rate of uterine infections facilitated by increased P 4 levels. This suggests that luteolysin is needed to cause regression of corpora lutea (CL) and subsequent estrous activity.
Consecutive treatments with GnRH and prostaglandin F2-alpha (PGF 2α ) have been applied with a 6-to 7-day interval to control ovulation in cycling cows. A new follicular wave emerges after induction of ovulation by the GnRH treatment, and the posterior PGF2α treatment induces regression of the CL followed by spontaneous ovulation of new dominant follicles [13] . However, the same hormone regime with a 10-day interval did not produce a synchronous ovulation following treatment with PGF 2α in early postpartum dairy cows [14] .
The CL that form in cattle and ewes after a spontaneous or induced first ovulation have variable lifespans [15] . Therefore, CL derived from the first postpartum ovulation may have variable response in terms of regression after PGF 2 α treatment.
Several studies of dairy cows have reported the u s e o f G n R H a n d P G F 2 α d u r i n g t h e e a r l y postpartum period [12, 14] . However, little information is available about the ovarian and hormonal changes during the treatment process. Follicle stimulating hormone (FSH) is a key factor for the growth of cohorts of follicles before [16] and after first ovulation [17] . Insulin-like growth factor 1 (IGF-1) and FSH synergize to favor selection and to improve the function of dominant follicles [18] .
The aim of our study was to determine whether treatments with GnRH and PGF 2α at two different stages during the early postpartum period (on 21 days or around 37 days after calving) can induce ovulation in dairy cows. We also studied the follicular dynamics, CL development and their association with the hormonal responses in comparison to cycling cows.
Materials and Methods

Animals and hormonal treatment
Lactating Holstein cows (n=14) managed under free-stall confinement at the Field Center of Animal Science and Agriculture of the Obihiro University of Agriculture and Veterinary Medicine were used in this experiment. On the first day of treatment (d 0), all cows received a 10 µg i.m. injection of a GnRH analogue (Buserelin acetate, Itorelin ® ; ASKA Pharmaceutical, Tokyo, Japan). This was followed 7 days later (d 7) by a 500 µg i.m. injection of PGF 2α ( C l o p r o s t e n o l , R e s i p r o n -C ® ; A S K A Pharmaceutical). The animals were divided equally into groups depending on the number of days postpartum at the beginning of the treatment protocol. The first group (n=7; 3 primiparous and 4 multiparous) received the GnRH treatment 21 days postpartum (GnRH21). The second group (n=7; 3 primiparous and 4 multiparous) received the GnRH treatment at a mean of 37 days (GnRH37; range: 34-41 days). This study was carried out from July 2004 through July 2005.
Since the plasma P 4 levels at the beginning of ovulation synchronization protocols affect the ovarian response [19] , the GnRH21 group was subdivided into two groups based on ultrasound findings and on plasma P4 levels as follows: 1) the GnRH21-CL group contained three cows (1 primiparous and 2 multiparous) with identifiable functional CL (CL periodicum; P 4 ≥1 ng/ml) and 2) the GnRH21-NCL group contained four cows (2 primiparous and 2 multiparous) without CL (P 4 <1 ng/ml). In contrast, all cows in the GnRH37 group had functional CL (GnRH37-CL).
Ovarian ultrasonography
Ovarian morphology was monitored daily using transrectal ultrasonography (SSD-1700, 7.5-MHz convex array; Aloka, Tokyo, Japan) starting from the day of GnRH treatment (d 0) until detection of ovulation after treatment with PGF 2α (d 7). In order to detect ovulation after GnRH treatment, additional observations were performed at 12-h intervals during the subsequent 1st and 2nd days. To analyze the changes in follicular dynamics after GnRH treatment, the observed follicles were classified into small (3-5 mm), medium (6-9 mm) and large (≥10 mm) sizes as reported previously [20] . Growth of the follicles ovulating after PGF2α, regarded as ovulatory follicles hereafter, was retrospectively analyzed from the day ovulation was detected.
Blood collection and hormone determination
Blood samples were obtained by caudal venipuncture at 24-h intervals just before each scan and/or hormonal treatment (GnRH or PGF2α) using sterile 10-ml tubes containing heparin sodium (Venoject ® , Terumo, Tokyo, Japan). The tubes were immediately chilled in ice water and centrifuged at 4 C for 20 min at 3000 rpm. The obtained plasma was stored at -30 C until hormone determination. Following extraction in diethyl ether, the concentrations of P 4 were determined in d u p l i c a t e b y d o u b l e -a n t i b o d y e n z y m e immunoassays (EIA). EIA for P4 was conducted as described [21] . The recovery rate (2 ng) was 87%. The standard curve ranged from 0.05 to 50 ng/ml, and the ED50 of the assay was 7.5 ng/ml. The intraand interassay coefficients of variation (CVs) were 4.2 and 12.5%, respectively. EIA for estradiol-17β (E2) was conducted as described previously [22] . The recovery rate was 85%. The standard curve ranged from 2 to 2,000 pg/ml and the ED 50 of the assay was 3.3 pg/ml. The intra-and interassay CVs were 8.4 and 14.9%, respectively. The FSH assay was conducted as described previously [23] . The standard curve for FSH ranged from 0.18 to 12 ng/ ml, and the ED 50 of the assay was 1.7 ng/ml. The intra-and interassay CVs averaged 8.3 and 14.6%, respectively. Determination of IGF-1 in plasma was performed by EIA as described previously [24] . The ED 50 of the assay system was 2.5 ng/ml. The intra-and interassay CVs were 5.7 and 6.6%, respectively.
Statistical analysis
The days of the GnRH and PGF2α treatments were regarded as d 0 and d 7, respectively. Data with a binomial distribution was analyzed by Fisher's exact test. All data with a linear distribution was analyzed using the Fit Model platform of the JMP statistical software (Version 5.1; SAS Institute, Cary, NC, USA). Differences between means were compared by Student's t-test. Differences were considered significant at P< 0.05. CL were considered to have undergone regression as a direct effect of PGF 2α treatment when the P 4 levels dropped from ≥ 1 ng/ml at the time of PGF 2α treatment to levels < 1 ng/ml within the following 48 h.
Results
Ovulatory response
Presence of a CL periodicum and the postpartum interval had no significant effect on ovulatory response to the treatments. Treatment with GnRH induced ovulation in all cows. The sizes of the dominant follicles ovulated after GnRH treatment were significantly larger in the GnRH21-NCL group (21.2 ± 1.5 mm) compared with the GnRH37-CL group (15.9 ± 1.4 mm; P<0.05) but were similar to the follicles in the GnRH21-CL group (18.1 ± 0.2 mm). Ovulation occurred within 24 to 48 h after GnRH treatment.
Treatment with PGF 2α induced luteal regression followed by ovulation in 3 out of 4 (75%), 3 out of 3 (100%) and 7 out of 7 (100%) cows in the GnRH21-NCL, GnRH21-CL and GnRH37-CL groups, respectively. The preovulatory sizes of the ovulatory follicles did not differ among the groups. Ovulation occurred within 4 to 5 days after PGF 2α treatment (data not shown).
Follicular dynamics
The numbers of follicles (mean ± SE) within the different size classes from d 0 to d 7 are shown in Fig. 1 . In all groups, the number of small follicles (3-5 mm) increased within 24 h after GnRH treatment and was maximal on d 1 for the GnRH37-CL group (4.4 ± 2.2) and on d 2 for the GnRH21-NCL (9.5 ± 3.8) and GnRH21-CL groups (7.3 ± 1.3). There was no difference between the GnRH21-NCL and GnRH21-CL groups in terms of the number of small follicles on different days of the protocol. In contrast, the GnRH21-NCL group had more small follicles than the GnRH37-CL group on d 2 (9.5 ± 3.8 vs. 2.4 ± 1.1; P<0.05), d 3 (7.5 ± 2.1 vs. 2.1 ± 0.6; P<0.01) and d 4 (8.3 ± 1.6 vs. 2.7 ± 1.1; P<0.01). The number of medium-size follicles (6-9 mm) did not differ among the three groups (Fig. 1b) . Significant effects of day (P<0.05) and a group by day interaction (P<0.05) were detected for the number of large follicles (≥10 mm). More large follicles were present on d 5 in the GnRH21-NCL group than in the GnRH37-CL group (2.5 ± 0.3 vs. 1.4 ± 0.2, respectively; P<0.05).
Plasma concentrations of FSH and IGF-I
Analysis of FSH concentrations from d 0 to d 4 revealed an effect of group (P<0.05) and an interaction of group by day (P<0.05; Fig. 2 ). At the time of GnRH treatment, GnRH21-NCL had higher FSH levels than GnRH21-CL and GnRH37-CL (0.67 ± 0.1 vs. 0.39 ± 0.0 ng/ml (P<0.01) and 0.35 ± 0.0 ng/ ml (P<0.001), respectively). Thereafter, the concentrations of FSH increased in the GnRH21-CL group. In contrast, FSH levels decreased from d 1 to d 3 and then rose again on d 4 in the GnRH21-NCL group. FSH concentrations remained almost invariant in the GnRH37-CL group. On d 2, FSH levels were higher in the GnRH21-CL group than in the GnRH37-CL group (0.65 ± 0.1 vs. 0.40 ± 0.0 ng/ ml, respectively). The FSH levels were higher in the GnRH21-NCL group than in the GnRH37-CL group on d 4 (0.62 ± 0.1 vs. 0.40 ± 0.0 ng/ml, respectively).
The concentrations of IGF-1 from d 0 to d 4 did n o t d i f f e r a m o n g t h e g r o u p s . T h e m e a n concentrations were 160.8 ± 12.3 ng/ml for the GnRH21-CL group, 152.8 ± 9.3 ng/ml for the GnRH37-CL group and 143.2 ± 23.9 ng/ml for the GnRH21-NCL group. 
Ovulatory follicle, CL periodicum and induced CL development
The ovulatory follicle seemed to emerge earlier in the GnRH21-NCL group (Fig. 3a) . It was present at the time of GnRH treatment in 1 out of 4 cows in the GnRH21-NCL group. By d 1, ovulatory follicles were detected in all cows in the GnRH21-NCL group, but were only detected in 1 out of 3 and 1 out of 7 cows in the GnRH21-CL and GnRH37-CL groups, respectively. By d 2, the ovulatory follicle was detected in all cows. Therefore, growth of the ovulatory follicle was analyzed from d 2 to d 7. There were significant effects of group (P<0.05) and day (P<0.0001) on the development of ovulatory follicles. The overall mean size of the ovulatory follicle in the GnRH21-NCL group was larger than those in the GnRH21-CL (P<0.01) and GnRH37-CL groups (P<0.05). However, the growth rate was similar for the three groups (1.6 ± 0.2, 1.4 ± 0.1 and 1.7 ± 0.2 mm/day for the GnRH21-NCL, GnRH21-CL and GnRH37-CL groups, respectively). Ovulatory follicles reached the dominant stage around 2 days after emergence, with mean sizes of 8.4 ± 0.6 mm in the GnRH21-NCL group, 9.3 ± 1.1 mm in the GnRH21-CL group and 9.1 ± 0.5 mm in the GnRH37-CL group.
The diameter of the CL periodicum from d 0 to d 7 did not differ between the GnRH21-CL and GnRH37-CL groups. Following treatment with PGF2α, morphological regression occurred similarly in both groups.
Induced CL were first detected on d 2 (Fig. 3b ). There were significant effects of group (P<0.01) and day (P<0.01) and a tendency for an effect of group by day interaction on the development of induced CL (P=0.09). From detection to the day of PGF 2α treatment, the overall mean size of the induced CL in the GnRH21-NCL group was larger than those of the GnRH21-CL and GnRH37-CL groups (P<0.001 and P<0.001, respectively).
Plasma concentrations of P 4 and E 2
There was a significant effect of group (P<0.05) and group by day interaction (P<0.05) in the profiles of plasma P 4 levels among the three groups prior to PGF2α treatment. The mean concentrations of P 4 were significantly lower from d 0 to d 5 in the GnRH21-NCL group (0.9 ± 0.2 ng/ml) compared with the GnRH21-CL (4.9 ± 1.2 ng/ml, P<0.05) and GnRH37-CL groups (6.2 ± 1.1 ng/ml, P<0.01; Fig.  3c) .
Analysis of E2 concentrations from d 2 to d 7 revealed significant group (P<0.05) and day (P<0.05) effects (Fig. 3d) . Plasma E 2 levels in the GnRH21-NCL group were significantly higher than those of the GnRH21-CL and GnRH37-CL groups from d 3 to d 6 (P<0.05) and from d 2 to d 5 (P<0.05), respectively. After treatment with PGF2α, E2 levels increased steadily (P<0.05) until d 9 in the GnRH21-NCL, GnRH21-CL and GnRH37-CL groups (3.0 ± 0.6, 1.6 ± 0.3 and 3.6 ± 1.5 pg/ml, respectively). No significant differences were detected for the E 2 levels of the three groups on the different days prior to ovulation.
Discussion
To our knowledge, this is the first report comparing the ovarian and hormonal responses of lactating dairy cows to induction of ovulation with GnRH and PGF2α at two different stages during early postpartum. The present results indicate that the treatment with GnRH during the early postpartum period induced ovulation in all cows. Earlier studies demonstrated that pituitary release of LH in response to GnRH treatment is fully restored 7 to 14 days following parturition [5, 6] . At the time of administration of GnRH in the present study, all cows had follicles larger than the size (10 mm) at which dominant follicles acquire ovulatory capacity in response to LH [25] . This may explain the high ovulation rate obtained in the present study.
Most dairy cows develop a large follicle within 10 days postpartum [16] . The dominant follicle of the first wave ovulates in mean 15 days postpartum (range: 12-16 days) [26] [27] [28] . In this study, ovulatory follicles were greater than 8.5 mm in diameter 4 days after ovulation and grew approximately 1-2 mm/day. Therefore, the d o m in a n t fol li cl e e m erg in g a f t e r t h e fi r st postpartum ovulation has the potential to reach or exceed the 10-mm size by 21 days postpartum. On the other hand, if ovulation of the dominant follicle of the first wave postpartum fails, it is substituted with a follicle of the subsequent wave [16, 27] , which becomes dominant by 20 days postpartum [27] . Thus, there seems to be a high possibility of encountering a large follicle when GnRH is administered 21 days postpartum. This may allow for good first ovulatory response around this day.
Longer-lasting follicular recruitment possessing a cohort with a greater number of small follicles (3-5 mm) was induced in the GnRH21-NCL group compared with the GnRH37-CL group. Depletion of small size follicles increases as the number of days postpartum increases [29] . In addition, the early postpartum period is characterized by lack of replenishment of small follicles [29, 30] , resulting in a reduced presence of small follicles towards or by 35 days postpartum. These findings indicate that there may be fewer small follicles present for recruitment if cows are treated at a later time postpartum. Furthermore, the GnRH21-NCL group had a higher FSH concentration at the time o f G n R H t r e a t m e n t . I n c r e m e n t s i n F S H concentrations precede the emergence of follicular waves throughout the estrous cycle [17] . IGF-1 has been reported to have a synergistic effect on follicular growth together with FSH [18] . However, IGF-1 levels did not differ among the groups. Our results suggest that a larger pool of small follicles coupled with higher FSH concentrations at the time of GnRH treatment were responsible for making more gonadotropin pre-stimulated follicles available for recruitment in the GnRH21-NCL group.
The similar patterns in the dynamics of medium size follicles (6-9 mm) found in both postpartum stages are in agreement with reports showing no changes in the dynamics of medium size follicles as the number of days postpartum increases [29, 30] . Our findings also suggest that the dynamics of medium size follicles were similar in all groups because the 6-9 mm diameter range is transitional for follicles increasing or decreasing in size.
In the present study, the ovarian structures (ovulatory follicle and induced CL) derived from the GnRH induced ovulation were larger in size in the GnRH21-NCL group. In dairy cattle, the size of the CL correlates with the size of the original follicle [31, 32] . However, the size of dominant follicles ovulated after the GnRH treatment only differed between the GnRH21-NCL and GnRH37-CL groups, suggesting that factors other than the size of the original follicle, such as the presence of a functional CL at the time of GnRH treatment, may be involved due to the large size of the induced CL.
Progesterone regulates the development of both growing follicles and CL in a dose-dependent manner [33] . In addition, high P 4 concentrations downregulate LH secretion [34] . The hormonal milieu during d 0 to d 5 in the GnRH21-NCL was characterized by mean P 4 concentrations (0.9 ng/ ml) that were lower than the subnormal level (2.4 ng/ml) reported to allow for increases in LH pulse frequency [35] . LH plays an important role during and after the process of follicular selection [36] and supports growth of CL [37] . Therefore, it is plausible to consider the involvement of higher gonadotropins support (mean, basal and / or episodic) under low P4 levels on the enhanced development of ovarian structures in the GnRH21-NCL group.
The concentration of E 2 during the growth period of the ovulatory follicles was greater in the GnRH21-NCL group. Estradiol is one of the factors involved in the regulation of FSH concentrations during the estrous cycle [38] . The decrease in FSH levels in the GnRH21-NCL group, and increased concentrations in the GnRH21-CL group might have been regulated by the high and low E 2 levels of the groups, respectively. However, FSH concentrations remained low in the presence of similarly low E 2 concentrations in GnRH37-CL group, suggesting the involvement of other regulatory factors. Inhibin has been reported to play a major role in suppression of FSH levels during the postpartum period [39] . Further research is needed to better understand the role of inhibin on the regulation of FSH after hormonally induced ovulation in the early postpartum period.
The rate of CL regression (induced CL and CL periodicum) in response to PGF2α was high in all groups regardless of morphological differences. This result suggests that a fully functional status was achieved for induced CL 7 days after GnRH treatment in all groups.
Despite the differences in the overall sizes of the ovulatory follicles in our study, morphological dominance was attained in all groups equally and comparably to the size and time previously reported [36] . In addition, the similarities in daily growth and the high ovulatory response following a PGF 2α treatment in all the groups clearly indicates that the development of the ovulatory follicle when the protocol started 21 days postpartum was not different from that in normal cycling cows.
In conclusion, dairy cows as early as 21 days postpartum can be effectively induced to ovulate with a 7-day GnRH and PGF 2α synchronization protocol regardless of their ovarian cyclicity status. The details presented herein in regard to ovarian and hormonal status may provide information for development of hormonal interventions capable of reducing the partum-conception interval. Complementary investigation is required to determine the impact of an early induced ovulation on subsequent estrous activity and fertility of the dairy cow.
